Introduction
Colloidal nanocrystals are mesoscopic materials occupying the region between the atomistic and the macroscopic worlds. 1 The physical properties of these tiny crystals manifest the transition from molecular limit to the solid state providing benchmark systems for experimental and theoretical studies. 1 In recent years, there have been tremendous developments in the synthetic control of nanocrystal size, shape, and composition, thus allowing the tailoring of their properties. [2] [3] [4] [5] These properties, alongside with the ability to manipulate them using the powerful scaffolds of chemical syntheses, also leads to potential applications of colloidal nanocrystals in diverse fields involving physics and biology. [6] [7] [8] [9] [10] [11] A tremendous amount of research in recent years has been directed towards the design and synthesis of multicomponent nanostructures. [5] [6] [7] [8] [9] [10] [11] [12] [13] These nanostructures combine two or more components into one solid structure without the use of organic linking molecules, therefore each component is in direct contact with another through one or more of its crystal facets. 14 Such complex structures have the potential to combine magnetic, plasmonic, semiconducting 15 and other physical or chemical properties into a single nanomaterial. 9, [16] [17] Efforts to create these multicomponent nanostructures have largely been driven by their increased functionality. [18] [19] This increase in function combined with the potential for enhanced, and often tunable, chemical and physical properties makes these nanostructures useful in applications otherwise inaccessible by their single component counterparts. 20 For example, such nanostructures have already found applications in areas such as multimodal biomedical imaging/sensing 21 and photocatalysis. [22] [23] To date, a variety of multicomponent nanostructures have already been successfully synthesized and can be sorted into two groups: i) Centrosymmetric structures that are symmetric about a center point, i.e. core-shell nanostructures, which most often combine two or more semiconducting materials in order to enhance their photoluminescence; 24 and ii) Non-centrosymmetric structures that are asymmetric relative to a center point, i.e. hybrid nanostructures. 11, [25] [26] [27] In recent years, many research groups have successfully synthesized various multicomponent nanomaterials including semiconductor-semiconductor, [28] [29] metalmetal, [30] [31] [32] semiconductor-metal, [33] [34] [35] [36] [37] [38] [39] and insulator/metal systems 26, [40] [41] [42] with either a 86 centrosymmetric structure or non-centrosymmetric structure. This chapter will focus on the non-centrosymmetric hybrid nanostructures. The final structure of these multicomponent materials can take a variety of forms, the most common being that of a "dumbbell" or "matchstick". Another common structure is the heterodimer, which consists of two spherical nanocrystals in intimate contact with each other through selected crystal facets. 43 Advances in the solution-based synthesis of single component nanostructures have given us the building blocks to create such intricate hybrid nanostructures. It is well known that the properties of single component nanostructures depend greatly on the size and shape of the nanomaterial, [44] [45] and that a solution-based synthetic route allows us to access an enormous range of morphologies. [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] Likewise, the wet-chemical synthesis of hybrid nanostructures has the potential to create a wide variety of interesting structures. [56] [57] [58] [59] [60] Such syntheses will also provide us with the avenues to study the formation mechanisms involved which can in turn be exploited to create targeted multicomponent nanostructures with particular chemical and physical properties. The synthesis of single component nanostructures has been studied for many years and researchers can now manipulate the formation mechanisms involved to produce a desired shape in a high yield. The same formation mechanisms can be useful for the synthesis of some hybrid nanostructures. For example, Ostwald ripening, a well-known mechanism existing in the growth of a crystal, plays a more interesting role in hybrid nanostructure than in single component systems as seen in the synthesis of gold-tipped CdSe nanorods (see Section 2). Due to the increased complexity of hybrid nanostructures, there are many intricate growth mechanisms involved in their syntheses. In addition, the growth mechanisms involved in single-component systems do not always extrapolate to the hybrid nanostructures. In this case, mechanisms such as heterogeneous nucleation and core-shell versus hybrid growth come into play. Further development of the wet-chemical synthesis of hybrid nanostructures will enable us to gain a better understanding of the growth mechanisms involved and learn how to use them to design and synthesize targeted hybrid nanostructures. The complex structure of hybrid nanostructures offers an interesting system to study how the chemical and physical properties of the individual nanomaterials are affected by the intimate interaction with another component. At the least, multicomponent hybrid nanostructures combine the properties of the individual components independent of each other, creating a multifunctional material. 61 On a higher level, they also have the potential to enhance the inherent properties and possibly even create new ones. 23 For example, Au NPs are usually considered to be catalytically inert. However, when they are combined with a metal oxide compound, i.e. Fe 3 O 4 , the hybrid structure shows high catalytic activity for CO oxidation. 62 This increase in activity arises from the electron transfer from the oxide support to the Fermi level of the adjacent Au NPs. [63] [64] In addition, these hybrid nanostructures have been shown to add another parameter with which to finely tune the properties of the individual components. [65] [66] [67] [68] For example, Yu and co-workers have demonstrated the ability to tune the UV-vis emission of ZnO-Au nanorods by simply changing the mole ratio between ZnO and the gold precursor, HAuCl 4 . 67 In this chapter, we will discuss the growth mechanisms involved in the synthesis of hybrid nanostructures. We will then present a case-study of various hybrid nanostructures that have already been successfully synthesized. Finally, we will detail their physical properties and some of the interesting applications of these multicomponent hybrid nanostructures, followed by perspectives.
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Mechanisms of the formation of colloidal hybrid nanocrystals
Multiple factors can affect size and shape of nanocrystals produced in a solution through the nucleation and growth process. Taking metallic materials as an example, at the very initial stages, the zero-valence metal atoms form through either reduction of ions or bond breaking of compounds. These metal atoms collide to produce small clusters that are thermodynamically unstable and can dissolve before they reach a critical radius (r * ) or overcome a critical free energy barrier (ΔG * ) and become thermodynamically stable nuclei. These nuclei grow into nanoparticles at the consumption of free atoms in solution or unstable small clusters (r < r * ). 69 In the classical nucleation theory, the nucleation process can be described according to Gibbs free energy. The excess free energy (ΔG r ), which contains two competing terms, i.e. the changes in surface and bulk free energies, reaches the maximum when clusters grow to the critical size. The excess free energy can be described by the following equations. 23 23
where r is radius of the clusters, γ surface free energy per unit area, R ideal gas constant, ΔG V change of free energy between solute atoms in solution and bulk crystal per unit volume, T reaction temperature, V m molar volume of bulk crystal, and S ratio between solute concentrations at saturation and equilibrium conditions. Based on the Eq. (1) and Boltzmann distribution, the number of clusters (N r ) as a function of radius r can be written as:
where N 0 is the total number of free solute atoms per unit volume. When solute is undersaturated, namely, S≤1, ∆G r remains positive and increases with growth of clusters. Nucleation is not favored in such systems. Only when the solute is supersaturated, i.e. S>1, ∆G r can decrease with the increase of cluster radius, and clusters become stable with the growth. The relationship between ∆G r or N r and r under the supersaturated condition can be illustrated in Figure 1 . As illustrated in Figure 1A , there is a critical excess free energy, ΔG*, associated with the critical radius of cluster, r*. When the radius is smaller than the critical value, the system lowers its free energy by dissolving clusters, and at the same time new ones form due to spontaneous collisions. The expressions of critical radius r* and maximum excess free energy ΔG*can then be written as the followings. 69 become stable. Nuclei can hardly form if a reaction system has large values of critical radius or maximum excess free energy. However, when small nanocrystals are present in the system, they can release some of the surface energy through interaction with other species. This interaction changes the subsequent nucleation and growth of clusters. In essence, the critical radius, excess Gibbs free energy, number of nuclei, and rate for a second species formed on existing particles can be described using the following equations. 69 16 (
where () S  , a numerical value less than unity, is a shape factor describing the geometric relationship between heterogeneous nucleation sites per unit volume. The overall excess free energy (ΔGr) as a function of cluster size (r) for homogeneous and heterogeneous nucleation and growth can be schematically depicted in Figure 1C . The critical energy barrier is generally smaller for heterogeneous nucleation than that for homogeneous one by a factor of () S  , while they should have similar critical nucleus radius.
In addition to the theories and equations mentioned above, we can also use the kinetic theory of nucleation, developed based on Gibb's formalism, to describe how the preference for homogeneous nucleation or heterogeneous nucleation is different in different synthetic environments. Using the Arrhenius reaction velocity equation commonly used to determine the rate of a thermally activated process, the rate of nucleation, J, can be expressed as:
where A is the pre-exponential factor,  is the molecular volume, i  is the interfacial free energy between the solid nuclei and the liquid phase, and  is the relative supersaturation.
The variable, f, is a parameter describing the influence of foreign bodies on the nucleation energy barrier. For homogeneous nucleation f is equal to 1. Since f can never be greater than 1, heterogeneous nucleation is always kinetically more favorable than homogeneous nucleation. Also, for a given synthetic system where the temperature, T, and the interfacial energy, i  , between the two materials are fixed, it can be derived that heterogeneous nucleation will dominate at low supersaturations while homogeneous nucleation is preferred at high supersaturations. 74 In other words, genuine homogeneous nucleation can be regarded as an upper-limit to heterogeneous nucleation in that it requires a very high degree of supersaturation, which may not be easily achieved under standard reaction conditions. 75 Although many models have been proposed over the last few decades to describe the nucleation and growth of small particles, [76] [77] [78] [79] [80] [81] we still do not have a thorough understanding of the nature of homogeneous and heterogeneous nucleation, particularly when foreign particles are involved. Many of the reports concerning the synthesis of multicomponent nanostructures recently have presented either a core-shell or hybrid structure, both of which originate from a heterogeneous nucleation process. Despite this similarity, the details of their epitaxial growth mechanisms are not the same and result in completely different structures. To reveal the detailed mechanism, realizing the role of lattice mismatch (F) that exists between the deposited material and that in existing seed particles played in the seeded growth processes is definitely important. Note that the size of atoms and the crystallines of these two materials are usually different, and thus leading to specifically preferred arrangements for these materials. Considering material A nucleates on the surface of material B that acts as a seeding particle and provides heterogeneous nucleation sites, the lattice mismatch F can be defined as: 81
where a A and a B are lattice parameters of growing planes for materials A and B, respectively. This mismatch induces a positive strain energy (γ strain ), which increases rapidly with the growth of nuclei. The larger the mismatch is, the more positive this strain energy becomes. Interfaces formed between metals A and B during the nucleation and growth, results in a new energy term. The interplay between the interfacial energy (γ i ) and surface energy of these two materials (γ A and γ B ) may determine the outcome of growth modes. The overall excess energy (Δγ) is created to include the contribution of these four energy terms according to the following equation: 81 In general, three different types of growth modes can be observed according to the values of overall excess energy Δγ (Fig. 2 ). 82 They are: i) Frank-van der Merwe (FM) or layer-by-layer Mode, ii) Volmer-Weber (VW) or 3D island Mode, and iii) Stranski-Krastanow (SK) or 3D island-on-wetting-layer Mode. In the FM Mode, layer-by-layer growth requires that the sum of the surface energy of the deposited material, the strain energy, and the interface energy be less than the surface energy of the seeding material in order for wetting to occur. This means that the value of the overall excess free energy should be negative. On the contrary, if the value of   is positive, which means the deposition will increase the surface energy of the structure, the layer can lower its total energy by forming isolated, thick 3D islands and can relax the strain by using interfacial misfit dislocations. 83 This type of growth is defined by the SK Mode. It has been demonstrated experimentally that the epitaxial growth of several semiconductor/semiconductor systems with large lattice-mismatches (>~2%) (e.g., Ge/Si, [84] [85] InGaAs/GaAs, [86] [87] and InGaAs/GaAs 88 ) proceeds via the SK Mode. 89 It is found that during layer-by-layer growth the strain energy γ strain increases linearly with the number of strained layers. As a result, when the thickness arrives at a certain point, the sum of γ i , γ A , and γ strain exceeds γ B . At this point the growth mode transforms from the FM Mode to the SK Mode leading to the formation of 3D islands on the 2D wetting layer. This particular type of growth is known as the VW Mode. Those three modes are very useful for predicting and tailoring the growth outcome of multicomponent nanostructures. For example, in order to get a hybrid nanostructure, the overgrowth should satisfy the conditions applied in either the SK Mode or the VW Mode. By doing so, the growth will form isolated 3D islands rather than layers resulting in a hybrid nanostructure instead of a core-shell structure.
In the epitaxial growth of multicomponent nanostructures, many other factors also have an important role in the overgrowth of the secondary phase. For example, a large lattice mismatch prevents the conformal overgrowth of the secondary material. If the lattice mismatch between the two materials is greater than ~5%, the strain energy term will have a large influence making the SK Mode or the VW Mode the preferred growth mode. In addition to the surface energy and lattice mismatch, other factors such as metal bond energy, 90 pH of growth solution, 91 and stirring rate 73 should also be considered in various overgrowth systems. While these concepts are first developed to explain the film growth, there should not be a fundamental difference between film growth and colloidal synthesis in terms of heterogeneous nucleation. The three growth modes should be able to use, at least in some cases, in understanding the formation of a range of complex nanostructures synthesized in solution phase, such as core-shell and hybrid nanostructures. Additional considerations need to be taken into consideration during growth of heterogeneous nuclei, which can determine the finial morphology. One key factor is the socalled Ostwald ripening. [92] [93] [94] The driving force for this effect arises from the overall energy of the particles involved. 95 In order to lower the total energy of the system, smaller crystallites, which have higher surface energy, dissolve into solution over time. The dissolved species then regrow onto the larger particles. [96] [97] This general definition only requires that mass be transferred between particles, however, in other cases both mass and electron transfers are required in order for an Ostwald ripening process to occur. Banin and co-workers have demonstrated an interesting example of this electrochemical Ostwald ripening process, in which electron transfer was involved across connected particles ( Fig. 3 ). 98 They have developed a series of methods to selectively grow gold nanoparticles onto the tips of colloidal CdSe nanorods and tetrapods. During the growth of Au-tipped CdSe nanorods, a structural transition from a two-sided "nano-dumbbell" (NDB) to a one-sided "nano-bell-tongue" (NBT) occurs as the gold concentration is increased. 98 They proposed such following process: as the gold precursor in the solution becomes depleted, the thermodynamically stable size for the gold islands increases. Gold islands smaller than this thermodynamically stable size will dissolve back into the growth medium.
As gold atoms are oxidized to ions, which can complex with the surfactants in solution, electrons are released into the nanorod. These electrons can then diffuse along the surface of the nanorod to the larger gold particle on the opposite side. The electrons at the second metal tip can then reduce a gold ion from solution, resulting in the overall transport of material from one tip to the other. They observed that during the formation of NBTs no ripening occurs among different NBTs, i.e. all of the nanorods have at least one gold tip. They also noticed that no such ripening occurred during the growth of Au-tipped tetrapods. These observations suggest that the electrons are transferred along the semiconductor nanorod rather than through solution. The nanorods transport electrons from the oxidized end to the other so they can reduce the free metal ions in solution. In the case of tetrapods, the large amounts of crystal defects in the central region act as a barrier to the free movement of electrons, therefore no ripening can occur. Electrochemical Ostwald ripening has been shown previously to only occur on a conductive substrate which facilitates electron transfer from smaller particles to larger ones. 99 Therefore, some kind of conductive pathway is necessary in order for this type of Ostwald ripening to occur.
Designer hybrid nanocrystals
In this section, we will review some of the successful approaches that have been reported for the synthesis of hybrid nanoparticles. [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] Sun and co-workers synthesized dumbbell-like Au-Fe 3 O 4 nanoparticles by using controlled nucleation of Fe 3 O 4 on Au nanoparticles without any pretreatment of the Au surface. 100 The decomposition of Fe(CO) 5 , followed by room-temperature air oxidation leads to iron nucleation on the surface of the Au nanoparticles and the formation of Au-Fe 3 O 4 hybrid nanoparticles. One advantage of this method is that each part of the dumbbell can be manipulated by regulating the synthetic conditions. The size of both the Au component and the 114 Similar processes were applied to synthesize Au-MnO nanoflowers reported by Tremel and co-workers 101 where the size and morphology of the nanostructure could be varied by changing the molar ratio of Mn(acac) 2 to Au(Ac) 3 . Alternatively, heterodimers can be formed by taking advantage of lattice mismatch and selective annealing at relatively low temperatures. Xu and co-workers reported a one-pot synthesic method for generating FePt-CdS hybrid nanostructures. 102 After the growth of the FePt seed particles, elemental S was added to the reaction. The high affinity between the FePt component and elemental S allows S to be deposited on the surface of FePt to form a FePt-S core-shell structure. The subsequent addition of Cd(acac) 2 , HDD, and TOPO produced metastable FePt-CdS nanoparticles, where CdS was amorphous. Upon further annealing at 280 o C, the amorphous CdS crystallized, and the lattice mismatch between FePt and CdS crystals made the core/shell system metastable. This instability led to the formation of the FePt-CdS hybrid nanoparticles, as shown in Figure 5 . The extension of this synthesis led to the formation of γ-Fe 2 O 3 -MS (M=Zn, Cd, Hg) hybrid nanoparticles where γ-Fe 2 O 3 nanoparticles were made first and used as seeds. 115 Recently, our group developed a simple, alternative method to prepare CdSe-Au hybrid nanoparticles as shown in Figure 6 . 104 Wurtzite CdSe nanoparticles synthesized using the procedure developed by Peng 116 with some modifications [117] [118] were used as seeds. Then a specific amount of a Au(I)-SC 12 Based on the method for the preparation of CdSe-Au hybrid nanoparticles, 104 our group has successfully synthesized PbSe-Au hybrid nanoparticles in which the Au component only covered one side of the PbSe particle like a cap and the overall shape of the hybrid nanoparticles was similar to a Chinese tumbler (Fig. 7, A and B) . In a typical procedure, the Au(I) stock solution, ethylene glycol, and toluene containing the PbSe seed particles were mixed together and heated at 50 o C for 2 h. The color of the solution changed from greenbrown to dark brown gradually, indicating the formation of PbSe-Au hybrid nanoparticles. Besides PbSe-Au, FePt-Au hybrid nanoparticles have also been obtained through the same method (Fig. 7, C and D) .
Ying and co-workers reported the synthesis of PbS-Au hybrid nanostructures using a general protocol for transferring metal ions from an aqueous to an organic medium. 109 This process involves mixing an aqueous solution of HAuCl 4 with an ethanolic solution of DDA, and then extracting the Au(III) ions into an organic layer to form a Au(III)-DDA compound. Typically, 5 ml of PbS organosol in toluene were mixed with 5 ml of Au(III)-DDA compound in toluene and the mixture was aged for 1 h. Compared to the growth of CdSe-Au or PbSe-Au nanoparticles, the growth rate of Au particles on Cu 2 O seeds reported by our group was found to be much slower. 104 Prior studies have shown that the addition of Ag could facilitate the nucleation and growth of Au nanocrystals, and promote the self-catalyzed reduction of Au ions. [124] [125] Therefore, in order to accelerate the reaction, we introduced both a Au(I) stock solution and a Ag(I) stock solution into the system to produce Cu 2 O-AuAg hybrid nanoparticles. 104 Cu 2 O seeds were prepared by a previously reported procedure. 126 For the synthesis of Cu 2 O-AuAg hybrid nanoparticles, Au(I) stock solution and ethylene glycol were added to a light green suspension of Cu 2 O seeds. After stirring for 15 min at the room temperature, the Ag(I) stock solution was added. After another 15 min, the solution became purple. The reaction was further continued in air for 2 h, and the products were precipitated with a copious amount of ethanol then collected by centrifugation. As shown in Figure 7 , E and F, the shape of the resulting hybrid nanoparticles is between that of a Chinese tumbler and a gourd. A technique based on performing seeded growth at a liquid/liquid interface under mild conditions was devised to synthesize heterodimers coupling a magnetic section and a noble metal domain. 110 Examples of hybrid nanocrystals synthesized by this biphasic strategy are shown in Figure 8 . In the reported procedure, an aqueous metal salt solution was brought in contact with an immiscible organic solvent (such as dichlorobenzene, dichloromethane, hexane, or DOE) in which surfactant-capped γ-Fe 2 O 3 /Fe 3 O 4 or FePt seeds were dissolved. Upon ultrasonic irradiation under inert atmosphere, an emulsion was formed that supposedly consisted of continuous aqueous phase containing "colloidosomes", namely organic microdroplets stabilized by the hydrophobic seeds self-assembled at the organic/water interfaces. The seeding nanocrystals provided catalytic sites onto which the Ag + or AuCl 4 − ions were reduced to the respective Ag or Au upon sonication, respectively. As the seeds were only partially exposed to the aqueous phase, metal deposition was spatially restricted to a small surface region and proceeded self-catalytically, thus resulting in a single metal domain on each seed. These hybrid nanocrystals were proven to accommodate a site-differential surface distribution of biomolecules to enable multiple tasks in biomedicine applications. 110 In another recent study, Gu and co-workers have also synthesized similar hybrid nanostructures by mixing FeS-surface-modified Fe 3 O 4 nanoparticles and Ag(Ac) in toluene using OA as the capping agent. 111 Our group has recently reported that by using FePt-CdS heterodimers as the seeds, FePt-CdS-Au ternary hybrid nanoparticles could be obtained by applying the same methodology , 2010, 22, 1936-1940. used in binary systems. 104 In a typical process, two drops of ethylene glycol and a Au(I) stock solution were added to a diluted suspension of FePt-CdS seeds in toluene, and the mixture was slowly heated to 45 o C and kept for 2 h. As shown in Figure 9 , even though both the FePt and the CdS components can act as a catalytic site for the heterogeneous nucleation of Au in a solution, the Au atoms preferred to deposit on the surface of the CdS portion rather than the FePt portion. This observation indicates that there exsits a strong coupling between the two portions of the hybrid seeds, and it significantly impacts on the heterogeneous nucleation process. This coupling effect probably exists widely in binary and multicomponent material systems. We would like to point out that when spherical seeds (including CdSe, PbSe, and Cu 2 O nanoparticles) were used, the hybrid dimeric nanostructures would be the most-commonly observed nanostructures, as shown in Figures, 6 and 7 . However, when seed particles with a non-spherical shape were used, such as the CdS-FePt particles, some edge regions on the CdS surface might also provide additional nucleation sites to form nanoparticles with multiple components (Fig. 9C , where four patches of Au were formed on the same particle). Zeng and co-workers reported a general approach to the synthesis of ternary hybrid nanostructures with a magnetic portion (Fe 3 O 4 ), a metallic portion (Au), and a semiconductor portion (PbSe or PbS). 112 They used binary nanoparticles (specifically, peanut-like Fe 3 O 4 -Au nanoparticles with 12-nm Fe 3 O 4 and 4-nm Au) as seeds. In a typical process, a Pb-oleate complex was formed by mixing PbO, OA and phenyl ether in a 100 mL three-necked flask while heating the mixture at 120 o C. Peanut-like Fe 3 O 4 -Au nanoparticles in hexane were then injected. After the hexane was removed by distillation, Se-TOP or S-TOP solution was rapidly injected into the reaction mixture at 160 o C. The reaction was quenched by injection of hexane after 1 min. The products are shown in Figure 10 . The PbSe/PbS portions were selectively deposited on the surface of the Au portion rather than on the surface of the Fe 3 O 4 portion, indicating the great impact of the coupling between two portions of one seed particle on the heterogeneous nucleation process. The heterogeneous nucleation mechanisms involved in the systems mentioned above suggest that the well-defined structure of the seeds has a great impact on the nucleation and growth of a secondary material. It seems the site with the smallest curvature radius on the seed surface usually acts as the nucleation site for the secondary material because of the high activity at this site. For example, Au particles preferred to form on the tips of CdSe nanorods or tetrapods instead of on their lateral sides. Controlling the nucleation of the secondary material at specific sites on the seeds will help to control the chemical and physical properties of the hybrid nanostructures. However, only a few successful methods have been reported. 127 Our group exploited the use of Cu 2 O nanocubes as seeds to accurately position the AuAg clusters during the heterogeneous nucleation process. 104 The experimental observation indicates that the AuAg clusters were formed at all corners of the Cu 2 O nanocube. 104 This result further supports the heterogeneous nucleation mechanism described in Section 2. Another successful example has been reported by Yang and coworkers have demonstrated that during the early stages of Pt growth, or at a low Pt concentrations, Pt deposition appeared to occur preferentially only on one tip of the CdS nanorods. 128 creates an electron and hole pair. In the case of small nanometer sized particles, the recombination of these pairs occurs on such a rapid time scale that the charges become useless for further redox reactions. To overcome this rapid recombination, researchers deposited a metallic component directly onto the semiconductor nanomaterial in order to aid in charge separation. The metal acts as a charge reservoir which enables the charges to be stored and utilized for a variety of redox reactions. A great example of these particles is the CdSe-Au nanodumbbells synthesized by Banin and co-workers. 23 These particles, when irradiated with visible light, can efficiently separate and store charges for immediate or long-term use in redox reactions (shown in Fig. 11 ). In addition to being useful photocatalysts, many multicomponent nanostructures have found application as multimodal biomedical imaging and sensing agents. The increased complexity of these structures allows them to accomplish multiple tasks simultaneously. For example, they can be functionalized with multiple biomolecules by exploiting the different surface chemistries of the components and then used to sense multiple biomarkers simultaneously. Xu and co-workers have demonstrated this functionality using their Fe 3 O 4 -Ag hybrid nanostructures. 61 They were able to confirm that they had one molecule bound to the Fe 3 O 4 component and another bound to the Ag component. The authors believe that these particles could be useful in areas such as protein binding, molecular imaging and pathogen detection. In addition to having increased imaging and sensing capabilities, the magnetic Fe 3 O 4 component adds another degree of functionality to these particles.
Another potential use for hybrid nanocrystals involves the growth of metal tips on onedimensional semiconductor nanostructures that will serve as integrated electrical contacts to external circuits. A number of strategies have evolved for integrating semiconductor nanorods and nanowires into electrical devices. Typically, nanoscale metal contacts are deposited using electron-beam lithography, focused ion beam deposition, or other methods, onto a nanostructure on a substrate. Metal tips on hybrid nanoparticles may be useful as integrated attachment points to external circuits. The conductance difference present in a metal-semiconductor hybrid nanocrystal is demonstrated in Figure 12 , in which gold-tipped CdSe nanorods are characterized using scanning tunneling microscopy (STM). 15 The tip region exhibits lower resistance as compared to the CdSe rod region. In addition, higher tunneling current was observed through the tip, suggesting the tip as a potential electrical contact. The utility of the metal tips for electrical contacts was directly demonstrated by Sheldon and co-workers, who used a trapping method to localize Au-tipped CdSe nanorods between Au electrodes. Transport measurements showed that for CdSe nanorods with gold tips grown in solution, the conductance improved remarkably by five orders of magnitude in comparison to CdSe nanorods. 129 This establishes that hybrid nanostructures allow a path for highly improved electrical connectivity of the semiconductor part to the circuit. The hybrid nanocrystals represent a new set of building blocks as they combine more than one sections with different properties in a single particle. If coupled with biological molecules capable of molecular recognition, these nanocrystals could be chained together through their "anchoring points" (Fig. 13 ). 95 This could pave the way to assemblies that would behave as nano-machines, equipped, for instance, with magnets for navigation, fluorescent regions that could enable them to be tracked, anchoring regions bearing molecular receptors and chemical releasing agents, and so on. Researchers have already reported substrates bearing a repeating motif of nanocrystals organized in well-defined geometries, which can act as binding sites. 130 Anchoring nanocrystals to these substrates with a high selectivity and in a predictable orientation can be seen as the analogue of the lock-and-key mechanism that operates in biological systems, and that constitutes the very foundation of self-assembly as realized by nature. 95 Grzybowski and co-workers have demonstrated the elegant assembly of Fe 3 O 4 -Au hybrid nanostructures by extending the concepts of bond strength and steric hindrance to the nanometer regime. 131 In their system, they used a dithiol linker to "react" or aggregate the hybrids. They observed that as they increased the concentration of this linker, the number of hybrid particles per cluster increased. They equated this kind of control to the same kind of control one would have by varying bond strength. Holding the dithiol concentration constant and increasing the size of the bulky Fe 3 O 4 domain resulted in a decrease in the number of particles per cluster. This type of control mimics the kind of control observed when varying steric hindrance on the molecular level. By varying these two controls relative to each other, they were able to precisely control the number of hybrid particles in each cluster (Fig. 14) .
Perspectives
This chapter presents many of the diverse types of colloidal hybrid nanocrystals that have been achieved over the last several years. While the range of material combinations, geometries, and properties that have been presented is impressive, this area of study still remains challenges in industry applications. One challenge is to optimize the growth conditions and thus to obtain hybrid nanocrystals with well-defined structures and controllable physical properties. Since sufficient strategies for fabricating hybrid nanocrystals have been developed, a coherent picture of how reaction conditions and material combinations would be tuned to influence the growth mechanism of the hybrid nanocrystals is yet to emerge. As these strategies become more robust, a diverse library of material combinations, arranged in different geometries, will provide insight into the interaction of different material systems at the nanometer scale. 132 Prospectively, such material combinations may lead to multiple functions, such as luminescence associated with catalysis. Contact points on the hybrids may allow further development of bottom-up assembly strategies for constructing complex electrical and optical devices, such as those for solar energy harvesting. Applications in other fields, such as spintronics or biological probes, need to be demonstrated upon development of specific hybrid systems. Although such explorations are still in an very early stage, the ability to tune the properties or impart multiple functionalities to hybrid nanocrystals shows high potential for their future inclusion in emerging modern technologies.
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